Dissipations, resulting from the interplay between the physical system of interest and its ambient environment, are ubiquitous in all quantum nanophotonic systems [1] [2] [3] . One of the central goals in quantum nanophotonics is to generate photonic entanglement via atom-mediated photon-photon interactions [4] [5] [6] . In general, dissipations are considered deleterious that undermine photonic entanglement and impair photon transport (e.g., total transmissions and reflections in one-dimensional systems). On the other hand, from the perspective of microscopic scattering, photonic dissipations are manifestations of photon leakages from the system of interest to the external environment. For initially entangled photons in the system, the entanglement should persist even after some of the photons are scattered out of the system (perhaps shared with other degrees of freedom in the environment). Conventionally, it is convenient to discuss the dynamics of the states that are restricted to the system only, and phenomenologically parametrize the effects of photon leakages by a set of few parameters. By doing so, it is obvious that photon transport is degraded by the dissipations. However, it is not clear, as a priori, how photonic entanglement is affected by dissipations. In this article, we computationally study the effects of dissipations on the photonic entanglement and the photon transport in waveguide quantum electrodynamic (wQED) systems. We confirm that when the dissipation increases, the transport metrics quickly degrade and exhibit no correlation signatures. Nonetheless, our results also reveal that even in this dissipative regime, the photons are still correlated (bunched or antibunched). That is, the correlation persists even when the transport metrics are described by a single-photon picture. Moreover, by varying the dissipations, the photon correlation can have a crossover from bunching to antibunching, and vice versa, depending on the input quantum state.
To begin with, we describe the wQED systems of interest. We focus on three fundamental configurations that are building blocks for more complicated systems: Fig. 1 (a), a single twolevel atom (in practice, the atom can be a genuine atom [7, 8] , a superconducting qubit [9] , or a quantum dot [10] ); Fig. 1(b) , a two-level atom coupled to a single-mode cavity [11, 12] ;
and Fig. 1(c) , a two-level atom coupled to a ring-resonator [13, 14] . Each basic configuration is further coupled to a single-mode photonic waveguide. For each configuration, photons are injected into the waveguide from the left and, after scattering, the photonic correlation is numerically determined. Single-atom configuration. The Hamiltonian describing the system of Fig. 1(a) is
where c † R (x) (c R (x)) denotes the creation (annihilation) operator for a right-moving photon at position x. c † L (x) and c L (x) are analogously defined for a left-moving photon. a † g (a g ) is the creation (annihilation) operator of atomic ground state with energy ω g . a † e , a e , and ω e are similarly defined for the excited state. ω a ≡ ω e − ω g is the atomic transition frequency.
v g is the group velocity in the waveguide, and V a is the atom-photon coupling (V 2 a /v g ≡ Γ a is the atomic decay rate into the waveguide) [15] . γ a is the atomic dissipation rate.
Here, we discuss how dissipations are incorporated by γ a . For photon leakages, the external environment can be characterized into two scenarios. On one hand, the external environment contains an excitable medium (reservoir), thereby resulting in secondary photon scattering and absorptions by the medium. On the other hand, the environment can be nonexcitable, and is described by photonic propagating channels. It has been shown that the photonic dissipations in both cases can be parametrized by a single parameter −iγ a in the atomic transition frequency [16, 17] ; and the photonic dynamics of the combined system (system + environment) can be described by a reduced Hamiltonian (including −iγ a ) and a restricted eigen-state (omitting the degrees of freedom in the reservoir or propagating channels). The restricted two-photon state is
|∅ is the vacuum state that has no waveguided photons, and the atom is in the ground state. e R(L) denotes the single-photon probability amplitude wherein one photon is absorbed by the atom and the other waveguided photon is moving to the right (left). φ RL denotes the two-photon probability amplitude for the RL branch wherein one photon is moving to the right and the other to the left. φ RR , φ LR , and φ LL are similarly defined (see Appendix A for the equations of motion to describe the two-photon transport dynamics).
To numerically determine the two-photon transport and the correlations, a two-photon Fock state is injected from the left. The incoming Fock state is an uncorrelated two-photon product state wherein each photon is resonant with the atom, and has a Gaussian waveform
Here, σΓ a /v g = 15 so that the photon has a narrow bandwidth Γ a /30 (x o ≈ −3.6σ is the initial position of the photon, and has no direct relevance of numerical results). The equations of motion are obtained from the Schrödinger Equation i ∂ t |Φ a = H a |Φ a , which are numerically evolved to obtain the full spatiotemporal dynamics of the system (see Ref. [18] for details). In particular, such a numerical procedure yields, after scattering, the two-photon transmitted (φ RR ), twophoton reflected (φ LL ), and one-transmitted-one-reflected (φ RL and φ LR ) wavefunctions, which provide complete information on the two-photon transport and correlations. We note that such an approach is also applicable to a weak coherent state input (see Ref. [18] ).
Transport. After scattering, the photon transport properties are characterized by three quantities, T 2 (both photons are transmitted), R 2 (both reflected), and T R (one transmitted, the other reflected), respectively. T 2 is numerically evaluated by the two-photon transmitted flux dx 1 dx 2 |φ RR (x 1 , x 2 )| 2 . R 2 and T R are similarly defined. We visualize the transport properties by representing the triplet (T 2 , R 2 , T R) as a point in a three-dimensional plot ( Fig. 2(a) ). When γ a varies, the triplet traces out a curve C (blue curve, the arrow indicates the direction of the increasing γ a ). To obtain deeper insight on the photon correlation, we also plot the trace of the triplet based upon the single-photon picture. From the singlephoton picture, the two-photon transport is the joint probability of the transports of two independent photons. Specifically, the uncorrelated two-photon transport is given by
where T 1 and R 1 are single-photon transmission and reflection coefficients, respectively (
. When varying γ a , the triplet of the uncorrelated two-photon transport traces out a curve C ′ (red curve). It can be shown that C ′ lies on a surface because the constraint
∀ γ a /Γ a (noting that C does not lie on this surface). By definition, any point representing a scattering process that does not lie on C ′ indicates a two-photon correlation.
For a given γ a , the transport properties of the correlated and uncorrelated systems are represented by P and P ′ , respectively. For example, P 1 and P ′ 1 describe the case for γ a = 0. We now define the distance ζ between the two curves as the distance of two corresponding point for the same γ a , ζ ≡ ζ
T R , where ζ T = T 2,cor − T 2,uncor , and ζ R , ζ T R are similarly defined. Fig. 2 (b) plots ζ as a function of γ a . As expected, ζ monotonically decreases and approaches to zero rapidly when γ a increases. For example, when γ a = 1.5Γ a , ζ degrades to only 2.7 × 10 −3 . Thus, for large dissipations, the two-photon transport metrics essentially exhibit no correlation signatures, and indeed can be predicted from a singlephoton picture.
Correlation. Here, we study the effects of dissipations on photonic correlation by ex-
, where x m is a reference position (see Ref. [18] ).
In Fig. 3 (a), we plot the probability density (|φ| 2 ) of the scattered photons for the γ a = 0 case (see [19] for the animations of the scattering processes). |φ RR | 2 for two transmitted photons in Quadrant I (RR branch) is localized along x 1 = x 2 , indicating photonic bunching because two photons tend to be collocated at the same spatial point [20] . We find numerically that T 2,cor ≈ 1.6% while the single-photon picture gives T 2,uncor = 0. The numerically computed g
RR (τ ) (red curve in Fig. 3(a) ) is peaked at τ = 0 (g
RR (0) ≈ 85 ≫ 1), confirming the bunching behavior. In Quadrant III, |φ LL | 2 for two reflected photons (LL branch) is depleted along x 1 = x 2 , and g
LL (τ ) has a dip at τ = 0 (black curve, g
LL (0) ≈ 0.025 ≪ 1), both of which confirm the antibunching phenomenon.
We now examine the effects of dissipations by scanning γ a in the range of [0, 1.5Γ a ].
We first focus on the RR branch. When γ a increases, the two transmitted photons remain bunched while the bunching quality degrades as g 
RR (τ ) still exhibits a peak at τ = 0 and g 
RR (0) (red curve, right) and g
LL (0) (black curve, left) for varying γ a . The P points correspond to the cases in (a)-(d), respectively, which are the same as in Fig. 2. increased to ≈ 0.85Γ a , the peak of g (2) RR (τ ) at τ = 0 disappears and a dip emerges, indicating that the photon statistics has a crossover, and now exhibits a strong antibunching signature (g (2) RR (0) ≈ 0, Fig. 3(c) ) [19] . Two transmitted photons remain antibunched when γ a is further increased throughout the scanning range while the antibunching quality degrades as g (2) RR (0) elevates and approaches to 1. Fig. 3(d) plots the results for the γ a = 1.5Γ a case. For the LL branch, we find that two reflected photons remain antibunched throughout the scanning range so that no crossover occurs. Fig. 3 (e) plots g (2) RR (0) and g (2) LL (0) as a function of γ a , and Table I provides further numerical metrics. Here, we emphasize that when the correlation transition occurs (Fig. 3(c) ), the transport metric ζ already significantly degrades to 7.1 × 10 −3 , essentially agreeing with the single-photon picture. Thus, the information of photonic correlation is beyond that of the transport metric. In addition, we note that in
, and |φ LR | 2 spread out to off-diagonal regions. Such a photonic halo effect has been reported in Ref. [21] .
In addition to the resonant Gaussian pulse, we have further investigated other cases of uncorrelated inputs (including the detuned Gaussian pulse and the two-sided exponentially decaying pulse, see Appendix A for details). The results indicate that for all uncorrelated two-photon input cases examined, the crossover occurs only in the RR branch from bunching to antibunching. A potential candidate to observe the photonic correlation transition is the superconducting circuit platform [22] . It has been reported that the tunability of the dissipation of the qubit can be realized by changing the resistance in the circuit [23] .
Atom-cavity configuration ( Fig. 1(b) ). When the cavity is coupled to the atom, for the same resonant two-photon Gaussian input (ω a = ω c = ω o and Γ c /g c = 1), the two transmitted photons (described by |φ RR | 2 ) and two reflected photons (described by |φ LL | 2 ) exhibit antibunching and bunching statistics, respectively [24] . We now investigate the photon correlations when varying the atomic dissipation (γ a ) and the cavity dissipation (γ c ) (see Atom-ring-resonator configuration (Fig. 1(c) ). When a ring-resonator is coupled to the resonant atom (ω a = ω r and Γ r /g r = 0.35), the transmission spectrum exhibits three dips [25] . When a two-photon Gaussian input is operating at the left dip frequency (which can result in a large atomic excitation [25] ), the two transmitted photons (described by |φ RR | 2 )
and two reflected photons (described by |φ LL | 2 ) exhibit bunching and antibunching statistics, respectively [21] . We now investigate the photon correlations when varying the atomic dissipation (γ a ), and the resonator dissipation (γ r ) (see Appendix C for the equations of RR (0) (red curve, right) and g Entangled two-photon input case. It is of great interest to investigate the effects of dissipations on the photonic correlation for an entangled two-photon input. Here, we con-sider a special class of entangled inputs, i.e., the two-photon bound state [26] , which is a photonic bound state of two photons, and has been experimentally confirmed [5] . As illustrated in Fig. 5(a) , the incoming bound state is represented by a wavefunction that is extended along x 1 = x 2 , while is squeezed in the transverse direction. The functional form is given by
(σΓ a /v g = 5, ω o = ω a , x o /σ = −2.1) [26] . When γ a = 0, as shown in Fig. 5(b) , the two transmitted photons (described by |φ RR | 2 ) and the two reflected photons (described by |φ LL | 2 )
are both antibunched [19] . When γ a increases to ≈ 0.11Γ a , the statistics of |φ RR | 2 makes a transition from antibunching to bunching (g 
RR (0) and g
LL (0) as a function of γ a . We have further investigated the class of inputs by generalizing φ E so that the entanglement properties are different (see Appendix A for details). We find that for the class of inputs investigated, the transition in the RR branch now is changed from bunching to antibunching. The results indicate that the direction of the correlation transition depends on the entanglement of the input.
In this article, we computationally study the dissipation-induced correlation transition in wQED systems. Such a phenomenon may provide a recipe for the design of fundamental nodes of quantum-optical networks in the presence of dissipations [27, 28] , and could tremendously enable the manipulation of photon entanglement [29] via dissipation-engineering techniques [30, 31] . Moreover, our results may also provide significant insights for studies on the effects of dissipations in quantum many-body systems [32] .
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Appendix A: Dynamics for various inputs and induced correlation transition
For the single-atom configuration, we examine the dynamics for various inputs to investigate the relation between the input states and the induced correlation transition. To begin with, we provide the information of the equations of motion. By applying the Schrödinger equation i ∂ t |Φ a (t) = H a |Φ a (t) , and equating the coefficients for each basis, one obtains
Using this set of equations of motion, we numerically evolve the dynamics and record the information of scattered photons for a specified dissipation rate γ a . Then, we scan γ a to investigate the correlation transitions and repeat such investigations for various inputs.
In particular, the inputs can be classified into two types based upon their entanglement property, i.e., the unentangled input (product state of single photons) and the entangled input (entangled state of photons). For the unentangled input, we first examine the Gaussian pulse (for both the resonance and the off-resonance cases), which is the typical optical excitation scheme for experiments. Moreover, motivated by the advent of wavefunction engineering technique, we further examine the pulse with a different functional form, i.e., the resonant two-sided exponentially decaying pulse. Such a waveform is of interest as it has a higher single-photon and two-photon atomic excitation efficiency than the Gaussian pulse (see below). For the entangled input, we examine the two-photon bound state and a generalized bound state.
Here, we present the numerical results. For the Gaussian pulse to be resonant with the atom, we require the pulse duration to be much larger than the spontaneous emission time, i.e., σΓ a /v g = 15 so that σ/v g ≫ 1/Γ a . Hereafter, for brevity, we shall use the time previously and presented in Fig. 3 . For the off-resonant Gaussian input, we assume a special detuned Gaussian pulse wherein the center frequencies of two constituent photons, ω 01 and ω 02 , have opposite detuning with the atom (i.e., ω 01 = ω a + 0.6Γ a , ω 02 = ω a − 0.6Γ a ) while other parameters are the same as the resonant Gaussian pulse. We investigate such a pulse to understand the effect of the parameter space to deepen our understanding of the correlation transition. The correlation of scattered photons is shown in Fig. 6 . When γ a = 0, as shown in Fig. 6 (a), g
RR (τ ) (red curve) exhibits a peak around τ = 0, indicating that two transmitted photons are bunched. g For the resonant two-sided exponentially decaying pulse, each individual photon follows a two-sided exponentially decaying waveform of φ(
is the Heavistep function and
is the center of the wavepacket, which has no relevance to our results as long as the initial position is far enough from the atom. Such a pulse can excite higher single-photon and two-photon atomic excitations than the aforementioned long Gaussian pulse because it has a bandwidth of Γ a in a Lorentzian spectral line shape to match the atom-photon interaction bandwidth. Fig. 7(a) plots the incoming two-photon wavepacket, which resembles a diamond. When γ a = 0, two transmitted photons (described by |φ RR | 2 ) are bunched while two reflected photons (described by |φ LL | 2 ) are antibunched, as shown in Fig. 7(b) . Fig. 7(c) plots the corresponding g (2) (τ ) for both branches to confirm the photon statistics. When γ a is varied in the range of [0, Γ a ], the statistics of |φ RR | 2 undergoes a transition from bunching to antibunching at γ a ≈ 0.4Γ a while the statistics of |φ LL | 2 remains antibunching. Fig. 7(d) plots the scattered photons for γ a = 0.67Γ a , and Fig. 7 (e) plots the corresponding g (2) (τ ), both indicating that the statistics of |φ RR | 2 now becomes antibunching.
For the entangled input, we first investigate the case for a two-photon bound state input φ E . Specifically, the temporal scales of φ E can be described by two quantities, i.e., transverse and longitudinal durations, as shown in Fig. 8(a) . The transverse duration (corresponding to the length perpendicular to the x 1 = x 2 axis) is determined by Γ a , which is 1/( √ 2Γ a ) ≈ 0.7 ns (still adopting 1/Γ a = 1 ns). The longitudinal duration (corresponding to the length along the x 1 = x 2 axis) is determined by the Gaussian modulation, which is 2σ/v g = 10 ns. We further investigate the case of a generalized form of the bound state, φ
2 ] (m = 2, 3, and 4), using the same parameter set as φ E . Here, we note that the incoming two photons are still bunched, but the input state now has a different transverse duration. In particular, the transverse duration is √ 2/(2 1/m Γ a ) (e.g., 1 ns, 1.12 ns, and 1.19 ns for m = 2, 3, and 4, respectively) while other temporal properties of φ ′ E are the same as φ E . We first examine the case when the input is φ E ′ for m = 2. As shown in Fig. 8(b) , when γ a = 0, two transmitted photons For the cases of m = 3 and m = 4, we observe qualitatively the same transition behaviors, both occurring at γ a ≈ 0.5Γ a (not shown).
Here, we summarize the relation between the input state and the induced correlation transition, as illustrated in Fig. 9 . Based upon the inputs investigated, we draw the following conclusions. For the unentangled input case, we have examined the resonant, off-resonant Gaussian pulses, and the resonant two-sided exponentially decaying pulse to confirm that the transition only occurs in the RR branch from bunching to antibunching. The transition from antibunching to bunching is not observed. For the entangled input case, we confirm the correlation transitions for both the two-photon bound state φ E and the generalized bound state φ ′ E in the RR branch whereas the direction is different. The transition direction for φ E is from antibunching to bunching whereas from bunching to antibunching for φ ′ E .
Appendix B: Equations of motion for atom-cavity configuration
For the atom-cavity configuration (Fig. 1(b) ), we provide the information of the Hamiltonian, the general state, and the equations of motion. The reduced Hamiltonian describing such a system, H c , is described by
where c † (c) denotes the creation (annihilation) operator for the cavity mode. V c is the cavity-photon coupling strength (V 2 c /v g ≡ Γ c is the cavity decay rate into the waveguide). g c is the atom-cavity coupling strength. The notations regarding the waveguided photon and the atom are defined the same as those in the single-atom configuration. The general state of the restricted system, |Φ c (t) , is
where e aR(L) denotes the single-photon probability amplitude wherein one photon is absorbed by the atom and the other waveguided photon is moving to the right (left). e cR(L) denotes the single-photon probability amplitude wherein one photon excites the cavity mode and the other waveguided photon is moving to the right (left). e cc is the cavity excitation amplitude wherein both photons excite the cavity mode. e ac represents the excitation amplitude wherein one photon is absorbed by the atom and the other photon excites the cavity mode.
Two-photon wavefunctions φ RR , φ RL , φ LR , and φ LL are defined the same as the single-atom case. By applying the Schrödinger equation i ∂ t |Φ c (t) = H c |Φ c (t) , one determines the following equations of motion,
e aR (x, t) = −v g ∂ x e aR − γ a e aR − iV c δ(x)e ac (t)e −iωct − ig c e cR (x, t)e i∆ 1 t , e aL (x, t) = v g ∂ x e aL − γ a e aL − iV c δ(x)e ac (t)e −iωct − ig c e cL (x, t)e i∆ 1 t , e cc (t) = −2γ c e cc − i √ 2V c [e cR (0, t) + e cL (0, t)]e iωct − i √ 2g c e ac (t)e −i∆ 1 t , e ac (t) = −(γ a + γ c )e ac − iV c [e aR (0, t) + e aL (0, t)]e iωct − i √ 2g c e cc (t)e i∆ 1 t ,
where ∆ 1 = ω a − ω c describes the frequency detuning between the atom and the cavity mode. More information about the numerical work can be found in Ref. [24] the single-photon probability amplitude wherein one photon excites the CCW mode and the other waveguided photon is moving to the right (left). e bR(L) denotes the single-photon probability amplitude wherein one photon excites the CW mode and the other waveguided photon is moving to the right (left). e aa (e bb ) is the excitation amplitude wherein both photons excite the CCW (CW) mode. e ab is the excitation amplitude wherein two photons excite the CWW and CW modes, respectively. e aA (e bA ) denotes the excitation amplitude wherein one photon is absorbed by the atom while the other photon excites the CCW (CW) − ig r e AL (x, t)e −i∆ 2 t , e AR (x, t) = −v g ∂ x e AR − γ a e AR − iV r δ(x)e aA (t)e −iωct − ig r [e aR (x, t) + e bR (x, t)]e i∆ 2 t , e AL (x, t) = v g ∂ x e AL − γ a e AL − iV r δ(x)e bA (t)e −iωct − ig r [e aL (x, t) + e bL (x, t)]e i∆ 2 t , e aa (t) = −2γ c e cc − i √ 2V r e aR (0, t)e iωct − i √ 2g r e aA (t)e −i∆ 2 t , e bb (t) = −2γ c e bb − i √ 2V r e bL (0, t)e iωct − i √ 2g r e bA (t)e −i∆ 2 t , e ab (t) = −2γ c e ab − iV r [e bR (0, t) + e aL (0, t)]e iωct − ig r [e bA (t) + e aA (t)]e −i∆ 2 t , e aA (t) = −(γ a + γ c )e aA − iV r e AR (0, t)e iωct − i √ 2g r e aa (t)e i∆ 2 t − ig r e ab (t)e i∆ 2 t , e bA (t) = −(γ a + γ c )e bA − iV r e AL (0, t)e iωct − i √ 2g r e bb (t)e i∆ 2 t − ig r e ab (t)e i∆ 2 t ,
where ∆ 2 = ω a −ω r describes the detuning between the atom and the resonator mode. More information about the numerical work can be found in Ref. [21] .
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